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A B S T R A C T 
This thesis develops a new approach to processing t rans ien t e lec t romagne t ic da t a . 
Th is approach is called time domain electromagnetic migration (TDEMM). T h e mi­
gra t ion m e t h o d is specifically designed to process mul t id imens iona l t i m e - d o m a i n elec­
t r o m a g n e t i c d a t a in order to obta in a resist ivity image of subsurface s t ruc tu r e which 
clearly indicates t he spat ia l locat ion of t he ta rge ts and es t ima tes the i r anomalous 
conduct iv i ty . 
T h e theore t ica l foundat ions of migra t ion , a model s tudy i l lus t ra t ing t h e m e t h o d ' s 
s tabi l i ty and resolut ion, and an appl icat ion of t h e migra t ion p rocedure to real d a t a 
in t e rp re t a t ion are subsequent ly considered in th is work. 
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1 . I N T R O D U C T I O N 
1 . 1 T i m e d o m a i n e l e c t r o m a g n e t i c s o u n d i n g s 
Trans ient e lec t romagnet ic m e t h o d s are widely used in explora t ion geophysics and 
env i ronmen ta l s tudies . These are inexpensive and reliable nondes t ruc t ive m e t h o d s 
of subsurface and borehole invest igat ions. Transient e lec t romagnet ic soundings can 
ind ica te t h e locat ion of s t ruc tures wi th anomalous conduct ivi t ies wi th respect t o t he 
sur rounding m e d i u m . 
Classification of t rans ien t sounding m e t h o d s is based on t r a n s m i t t e r t y p e and sur­
vey design. T h e t r a n s m i t t e r is usually a square or circular loop or coil, exci ted by 
an a b r u p t l y t e r m i n a t e d current . Surface and borehole surveys can be done in m a n y 
different ways. In t he fixed transmitter technique t h e induced magne t i c field is mea­
sured at m a n y receiving poin ts , located at a variable d is tance from t h e t r a n s m i t t e r . 
A second survey possibility, t he slingram mode, requires t he receiver and t r a n s m i t t e r 
to be a fixed d is tance apar t , moving together along t he profile. 
Trans ient e lec t romagnet ic d a t a are mos t often in te rpre ted using convent ional one-
d imens ional ( ID) inversion techniques , or approx ima te , fast imaging techniques . 
T h e theory of I D inversion is based on fitting t he theore t ica l response from a I D 
s t ruc tu r e t o t h e real d a t a in a least-square sense (Farquharson and Oldenburg , 1993). 
It is convent ional ly applied to every survey point . Combin ing I D images toge ther 
forms t h e resist ivity-cross section. 
Fast resis t ivi ty imaging techniques have been developed in (Ea ton and H o h m a n n , 
1989; M a c n a e and Lamontagne , 1987; Ba rne t t , 1981). T h e major i ty of these papers 
have been based on equa t ing the t rans ient response, measured at t h e surface of t h e 
ea r th , t o t h e e lec t romagnet ic (EM) field of current filament images of t h e source. Th is 
approach was or iginated in t h e pioneering work of Nabighian (1979), which describes 
t h e t r ans ien t cur ren ts diffusing into t he ea r th as a sys tem of " smoke r ings" blown by 
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1 . 2 I n t r o d u c i n g t i m e d o m a i n e l e c t r o m a g n e t i c 
m i g r a t i o n 
This thesis focuses on an approach to processing t rans ien t E M da t a , based on 
downward d a t a ex t rapo la t ion in reverse t ime . This m e t h o d is called time domain 
electromagnetic migration. T h e principles of E M migra t ion have been formula ted 
originally in t he pioneering works of Zhdanov and Frenkel (1983) and t hey have been 
developed in several publ icat ions by Zhdanov and coauthors (Zhdanov and Frenkel , 
1983a,b; Zhdanov and Podchufarov, 1988; Zhdanov et al. , 1988; Zhdanov and Keller, 
1994). 
T h e migra t ion m e t h o d is a mul t id imensional imaging m e t h o d , which is t h e ma jo r 
advan tage in compar ison wi th the conventional I D inversion and t h e " smoke r ing" 
approaches . In th is thesis a 2D migra t ion a lgor i thm is considered, b u t it can be 
readi ly general ized to t he 3D case. 
Compar i son of migra t ion wi th I D imaging is done by Traynin (1995). Th is work 
concludes t h a t t h e migra t ion m e t h o d has b e t t e r resolut ion of localized bodies . How­
ever, t h e " smoke r ing" imaging could be used for an e s t ima t ion of background resis­
t ivi ty. 
In th is work we modified a preceding t i m e domain e lec t romagnet ic migra t ion 
a lgor i thm, and developed an effective numer ica l m e t h o d and a c o m p u t e r code for 
resis t ivi ty imaging. We then tes ted t he migra t ion m e t h o d on a set of numer ica l 
models and real T D E M da ta . 
E lec t romagne t i c migra t ion is similar in m a n y aspects to seismic migra t ion (Zh­
danov et al . , 1988; Claerbout , 1985) bu t differs in t h a t e lec t romagnet ic migra t ion 
is done on t h e basis of a diffusion equat ion r a the r t h a n a wave equa t ion . Seismic 
migra t ion is based on downward cont inuat ion of t he source field and t h e sca t t e red 
field on t h e basis of a wave equat ion . At zero t i m e t h e phases of t he incident and 
t h e sca t t e red fields are typical ly coincident at t h e b o u n d a r y of t h e sca t te re r , and 
t h e ra t io of incident and sca t te red field ampl i tudes is p ropor t iona l to t h e reflection 
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coefficient for th is boundary . T h e wave field backward cont inua t ion p rob lem could 
be formula ted as a b o u n d a r y value p rob lem for t h e same wave equa t ion , b u t wi th a 
changed b o u n d a r y condi t ion for t he vert ical derivative of t he seismic field. Revers ing 
t h e t i m e affects only t h e bounda ry condit ion, b u t not t he form of t h e wave equa t ion . 
T h u s , upward and downward cont inuat ion of t he wave field do not differ m u c h from 
one ano ther . Physically, p ropaga t ion of seismic waves in rocks is charac ter ized by 
some a t t enua t i on , wi th a large ampl i t ude decrease caused by geometr ica l spreading 
and losses from reflections. In fact, t h e wave equat ion which is successfully used in 
mos t cases, does not conta in an a t t enua t ive factor at all. T h a t is why it is relat ively 
easy t o backward p ropaga te t he seismic field. 
It was d e m o n s t r a t e d in t he l i t e ra ture t h a t seismic migra t ion can be t r e a t e d as t h e 
first i t e ra t ion in t h e process of minimizing t he waveform misfit funct ional (Taran to la , 
1987). Th is also can be shown for t he e lec t romagnet ic high-frequency field (Cai et 
al . , 1995). We expect t h a t t he same t y p e of general izat ion can be developed for 
t h e quas i - s ta t ionary E M field as well. However, this considerat ion lies ou ts ide t h e 
f ramework of th is thesis . 
E lec t romagne t i c field propaga t ion is character ized by s t rong a t t enua t i on . For low 
frequencies t h e a t t enua t i on domina tes over t he wave propaga t ion , which provides t h e 
basis for a quas i -s ta t ionary approx imat ion t h a t describes low-frequency e lec t romag­
net ic field p ropaga t ion as a pure diffusion process. Al though t h e s ame downward 
con t inua t ion could be done on t he basis of t he diffusion equa t ion for t h e e lec t romag­
net ic field, such a t ransformat ion would be uns tab le , for it d ramat i ca l ly amplifies 
high frequencies. To avoid instabil i ty, electromagnetic migration is defined as down­
ward con t inua t ion of t h e diffusive field in reverse t ime . This t r ans format ion correct ly 
recons t ruc t s only t he phase of t he backward propaga t ing field, b u t not t h e ampl i ­
t u d e . Migra t ion selectively suppresses frequencies too high for pene t r a t i on at t h e 
given d e p t h , and preserves t he frequencies t h a t can p e n e t r a t e to th is dep th . T h e sup­
pression makes migra t ion s table in t h e presense of high frequency noise, b u t l imi ts 
t h e resolut ion. Analogous to t he seismic case, t he ra t io of t h e backward p ropaga t ed 
sca t t e red e lec t romagnet ic field and t h e p r imary field is p ropor t iona l to t h e reflectivity 
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coefficient at a geoelectrical boundary . This p roper ty is used t o image geoelectr ical 
s t ruc tu res . 
T h u s , formula t ing t he e lec t romagnet ic migra t ion p rob lem as a backward propa­
gat ion of t h e diffusive field in reverse t ime , we need to solve numer ica l ly a b o u n d a r y 
value p rob lem for t he diffusion equat ion . This could be done, for example , using a 
finite-difference approach . This approach is a t t r ac t ive because it allows us t o back­
ward p ropaga t e t h e field th rough inhomogeneous media . We, however, have chosen a 
s impler approach , which is based on Green 's theorem. According to Green ' s t heo rem, 
t h e field at any point inside some domain could be expressed via t h e values of t h e field 
at t h e doma in ' s boundar ies . Approx ima t ing t h e ea r th surface by t h e p lane and con­
sidering t h e lower half-space as a domain for analy t ic cont inuat ion , one can express 
t h e value of t h e backward propaga t ing field at any t i m e m o m e n t at any par t i cu la r 
d e p t h via an e lec t romagnet ic analog of t he Rayleigh integral . This in tegra l has t h e 
s ame form as t h e well-known seismic Rayleigh integral , t he only difference being t h a t 
ins tead of t h e wave equa t ion Green 's function we use t h e diffusion equa t ion Green ' s 
funct ion, expressed in reverse t ime . 
T h u s , t h e backward p ropaga ted field focuses t h e secondary field on t h e b o u n d a r y 
of a sca t te rer . At th is point , t he migra ted field should be t rans formed in to a resis t ivi ty 
image of t h e resist ivi ty ingomogeneity. T h e key s tep in such a t r ans fo rmat ion is 
e s t ima t ion of t h e incident field, because t he ra t io of t h e incident and t h e sca t te red 
field gives t h e reflectivity function, which could be r ecompu ted to give t h e anomalous 
resist ivity. 
It is possible numerical ly to downward cont inue t he p r i m a r y field from t h e surface 
t o t h e lower half-space. However, for t he sake of simplicity, in th is work we approx­
i m a t e t h e p r i m a r y field by t he p lane wave propaga t ing in a homogeneous m e d i u m . 
This approach allows us to analyt ical ly e s t ima te t h e p r imary field at every point in t h e 
lower half-space a t t h e zero t i m e m o m e n t , thus providing a s imple a lgor i thm which 
t ransforms t h e ampl i tudes of t he migra ted field to the migration apparent resistivity. 
Based on this theory, t he compu te r code was created. T h e code consists of two 
ma jo r p a r t s . T h e first pa r t of t he code takes t h e values of t h e field componen t on 
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t h e surface and computes t h e migra ted field at zero t i m e m o m e n t at every point of 
space, using a Rayle igh- type integral . This pa r t of t he code was t es ted by compar ing 
t he ana ly t ic solution for t h e p lane wave in a two-layered mode l wi th t h e numer ica l 
solut ion. 
T h e second pa r t of t he code takes values of t he hor izontal componen t of electr ic 
field at t h e zero t i m e m o m e n t in t he lower half-space and compu tes t he migra t ion 
appa ren t resist ivity, approx imat ing t he p r imary field by t h e p lane wave. T h e whole 
code is t e s ted on 2D numer ica l models . T h e s tabi l i ty and resolut ion of t h e E M 
migra t ion p rocedure are i l lus t ra ted by t he results of numer ica l model ing . 
1 . 3 W a s t e s i t e c h a r a c t e r i z a t i o n 
E M migra t ion was appl ied to t he in te rpre ta t ion of a T D E M d a t a set acqui red at 
t h e Cold Test P i t site wi th in t he Radioact ive Was te M a n a g e m e n t Complex ( R W M C ) 
at t h e Idaho Nat iona l Engineer ing Labora to ry ( INEL) (MacLean, 1993). 
T h e Cold Test P i t was specifically cons t ruc ted to invest igate t he abi l i ty of T D E M 
sys tems to character ize D O E nuclear waste sites. T h e p r ime goal of t h e geophysical 
survey a t t h e P i t was to locate conduct ive d r u m s , s imula t ing nuclear was te conta iners . 
T h e conta iners were bur ied at known places in t he P i t . T h e d a t a were ob ta ined 
as a result of a high densi ty T D E M profiling survey wi th t he Geonics E M 4 7 along t h e 
set of profiles, in tersect ing t h e Cold Test P i t . As a result a large vo lume of T D E M 
d a t a were acquired. 
T D E M migra t ion was employed to process and in terpre t t h e 3D T D E M da ta . 
T D E M migra t ion and resist ivi ty imaging m a d e it possible to out l ine t h e boundar ies 
of t h e Cold Test P i t and character ize t he d is t r ibut ion of t he anomalous conduct iv i ty , 
t hus direct ly poin t ing to t he locat ion of the d r u m s . Migra t ion resul ts were compared 
wi th " smoke r ing" imaging, which was done on t he same da t a . "Smoke r ing" imaging 
failed t o resolve separa te conduct ive bodies , bu t provided a reasonable e s t ima t ion of 
t h e background resistivity. In contras t , migra t ion apparen t resis t ivi ty m a p s indica te 
not only t h e thickness of capping bu t also t h e d e p t h ex ten t of t h e P i t . 
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2 . T H E O R Y O F E M M I G R A T I O N 
In this section t he theory of t h e E M migra t ion m e t h o d is considered. T h e fol­
lowing th ree subsect ions deal wi th t h e m a t h e m a t i c a l formulat ion of t h e migra t ion 
p rob lem, t h e ex t r ema l proper t ies of t h e mig ra t ed field and es t ima t ion of t h e anoma­
lous conduct iv i ty using t he migra ted field. T h e last two subsect ions out l ine i m p o r t a n t 
theore t ica l aspects of a lgor i thm real izat ion and describe t he ana ly t ic solut ion which 
was used to test t h e code. 
2 . 1 D o w n w a r d c o n t i n u a t i o n i n r e v e r s e t i m e 
Consider a mode l in which t he horizontal p lane , z = 0, separa tes t h e conduct ive 
ea r th [z > 0) from the insulat ing a tmosphere (z < 0) . T h e conduct iv i ty in t h e ea r th , 
cr(r), is represented as t he superposi t ion of a constant n o r m a l (background) conduc­
t ivi ty, an = const, and an anomalous conduct iv i ty function, Aa(r) (Berdichevsky 
and Zhdanov, 1984): 
c-(r) = an + Ao-(r). (1) 
Everywhere in t h e ea r th outs ide t he anomalous region, t he e lec t romagnet ic field sat­
isfies t h e diffusion equat ion: 
-* dH -> d E 
AH-fi0crn— = 0, AE-fi0o-n— = 0. (2) 
For th is model , we can discuss t he p rob lem of migra t ion of any scalar componen t , 
P ( r , t ) , of an observed e lec t romagnet ic field. 
Let us define the migrated field, P™, obta ined from a specific scalar componen t , 
P ° , of t h e e lec t romagnet ic field observed at t he ea r th ' s surface as being t h e field t h a t 
satisfies t h e following condit ions: 
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p m ( ? T ) l _( P°(r,T-r)z=0 f o r O < r < T , 
P (r,r) \ z = 0 - < Q f o r r < 0 , r >T [ 6 ) 
dPm(r T) 
A P m ( f , T) - fi0a = 0 for z > 0, (4) 
and 
P r a ( r , r ) ^ 0 , (5) 
for | r \—* oo, z > 0, where r = T — t is reverse t ime , and T is t h e interval of 
e lec t romagne t ic signal recording. 
No te t h a t if we exchange t he reverse t ime , r , for ord inary t i m e , t, in eq. (4), we 
have an equa t ion which is t he adjoint to t he diffusion equat ion: 
8Pm(r t) 
APm(r,t) + ti0<7 g\ ' ' = 0 . (6) 
If t h e o rd inary diffusion equat ion describes field p ropaga t ion from t h e sources t o 
receivers, t h e n eq. (6) describes t he inverse process of p ropaga t ion from receivers t o 
sources. 
T h e p rob lem of establ ishing t he migra ted field reduces to t h e downward ex t r ap ­
olat ion of t h e field P° from the ea r th ' s surface into t h e lower half-space in t h e re­
verse t i m e , r . Th is p rocedure is called electromagnetic field migration (Zhdanov and 
Frenkel , 1983; Zhdanov and Keller, 1994). 
It can b e seen from these considerat ions t h a t t he calculat ion of a m i g r a t e d field 
is reduced to a b o u n d a r y value p rob lem described by eqs. (3) t h rough (5). Th is 
b o u n d a r y value p rob lem can be solved using Green 's t heo rem and t h e Green ' s funct ion 
G for t h e 3D diffusion equat ion (Morse and Feshbach, 1953): 
G(r',t' \r,t) = - J y ) ^ ) 3 / a e - w ' | f ' - r | ' / 4 ( ' ' - t ) g ( « ' - 0 , (?) 
which satisfies t h e equat ion: 
 
P (--> ) 1 { pO(r,T - T)z=O for 0:::; T :::; r, T z=O= 0 f r T < 0, T > T (3  
Apm(-) apm(r,T) 
L..l. r,  -f-l00" aT Of r >O, (4) 
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A C + fiQ<T— = S(f- ?)6(t - t'). (8) 
Here H(t' — t) is a Heaviside exci ta t ion function (step-function): 
H(t - t') = 0; t ' - t < 0 
1; f - t > 0 . 
T h e p rob lem of downward cont inuat ion of t he field P ( the field observed on t h e 
surface) can be solved using equat ion (6) (Zhdanov and Keller, 1994). Let us deno te 
t h e lower half-space as D , and t he surface of t he ea r th as S. In t roduc ing a hemisphere 
O of large radius R we can construct a closed contour S + O a round t h e doma in D. 
Mult ip ly t h e t he left and right sides of equat ion (6) by G and in tegra te b o t h sides 
over t h e infinite t i m e range and over t he space domain D. We t h e n t rans form t h e 
vo lume integral over D t o a surface integral over S + O using Green ' s formula and 
tak ing equa t ion (6) into considerat ion. Thus we have 
for all r' inside doma in D. T h e same equat ion remains valid if we replace G w i th t h e 
s u m (G + g), where g is an a rb i t ra ry solution t o t he homogeneous diffusion equa t ion 
Assume t h a t t h e auxi lary field g goes to zero as R goes to infinity. T h e S is t he 
surface of observat ions , t hus t he normal derivat ive is equal to vert ical der ivat ive, so 
in D 
If we t ake g as 
g = -0(7" 
6G  JioO" ~~ 8 r' - t 8(t t').
  (t' -    ti  (step-fu ti :
H(t _ t') = {o; t' - t < 0 
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pm(t, t') = 100 r (pa(G + g) _ (G + g) ap) dsdt. 
-ooJ5+0 an an 
     9        t
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  9
9  -G(t - t ' , t), 
where t h e point r" is located symmetr ica l ly to r' wi th respect to t he p lane z 
T h e n 
9 
= 0. 
G + g = 0 
d(G + g) _ dG 
dz dz' 
for z = 0. ( i i ) 
Subs t i t u t ing equat ions (11) in equat ion (10), and after some algebraic opera t ions we 
have t h e following representa t ion for t he migra ted field: 
where G is t h e adjoint to t he Green 's function G for t h e diffusion equa t ion (Morse 
and Feshbach, 1953; Zhdanov et al., 1988). T h e vector r ' represents t h e image point 
of t h e migra t ion field, and t he vector r represents t he in tegra t ion point on t h e surface. 
der, 1978; Claerbout , 1985). Jus t as in the seismic appl icat ion, eq. (12) defines in 
space and no rma l t i m e a field propagat ing towards t he surface of observat ion ( tha t 
G*, adjoint to t h e Green 's function G of t he diffusion equat ion . Hence, jus t as in 
t h e seismic case, a migra t ion t ransformat ion of t he e lec t romagnet ic field yields t h e 
upgoing field. 
Let us consider t he special case of t h e 2D mode l of t h e e lec t romagne t ic field (for 
example t h e E polar ized mode) and a profile observat ion. We assume t h a t t h e axis 
X coincides wi th t h e profile, and axis Y is or thogonal to t h e profile of observat ions . 
In th is case t h e expressions for t he different componen t s of t h e m i g r a t e d magne t i c 
field, H®z(x, 0, £), observed along t he profile X on t he surface of t h e ea r t h , will have 
t h e form: 
E q u a t i o n (12) is t h e e lec t romagnet ic counte rpar t to t he Rayleigh integral (Schnei 
is, upgoing waves) , as can be seen from the fact t h a t eq. (12) contains t h e function 
H™z(x',z',T-t') 47T X 
(13) 
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and analogously for t he electric field: 
x exp 
fi0crr 
4 (t - f) (x — x)
2
 + (z — z)2^ I dxdt. (14) 
Note , t h a t typical E M equ ipment uses receiver loops for measur ing t h e compo­
nen t s of t h e magne t i c field. Therefore, t he ac tua l d a t a are p ropor t iona l t o t h e t ime-
der ivat ive of t he magne t i c field variat ions j^H®z(xy 0, t). T h u s we have to modify 
(13): 
— H m ( x ' z' T-t') = / " " T " * ' r f -H° (x 0 t) 1 x 
x exp 
4 ( « - * ' ) 
(a;' — a;)2 + (z' — z ) 2 f cfoofa. (15) 
T h e last expression gives a possibili ty in t he 2D case of calculat ing t h e mig ra t ed 
electr ic field from the observed vert ical component of t he magne t i c field, since from 
the second Maxwel l ' s equa t ion for t h e mig ra t ed field we have: 
dE™ _ OH™ 
and 
rx Q 
(x, z\ T-t') = fi0 J* QJH?{X\ z\ T - t')dx', (16) E; 
'XL 
where (x, z') is a current point of electrical field calculat ions, and XL is a hor izonta l 
coord ina te of t h e left end point on t he profile. 
T h u s , from t h e observed vert ical component of t h e magne t i c field we can calcula te 
t h e mig ra t ed magne t i c field at any level z' and t hen de t e rmine t h e m i g r a t e d electr ic 
field E™ a t t h e s ame level. 
In a T D E M sounding one typical ly measures t he e lec t romagnet ic response of a 
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step-funct ion current waveform. However we will see below t h a t for mig ra t ion imaging 
it is i m p o r t a n t to have a capabil i ty of convert ing these d a t a into t h e del ta-pulse 
cur ren t response. T h e conversion of e lec t romagnet ic m e a s u r e m e n t s due to a s tep-
function cur rent to t h a t due to del ta-pulse current can be done in t h e process of 
migra t ion . 
T h e del ta-pulse response can be ob ta ined from t h e s tep-pulse response by differen­
t i a t ion wi th respect to t ime . Therefore we can use equat ion (15) and after in tegra t ion 
by p a r t s ob ta in t h e t i m e derivat ive of t he migra t ion field, which is equal to t h e mi­
g ra t ed s tep response electrical field: 
H£(x', Z', T-t') = ^H^"(x', z', T-t') = 
ff h o, t)
 x ( 1 7 ) 
x exp { - ^ r y [(&' - x)2 + (z' - z)2] } dxdt, 
where H^p are step-function responses and H™* are mig ra t ed del ta-pulse responses . 
2 . 2 R e s i s t i v i t y i m a g i n g b y T D E M m i g r a t i o n 
At th is poin t we will give a descript ion of t h e basic concepts in which migra t ion 
imaging of geoelectric s t ruc tures is based. 
To i l lus t ra te t h e " E M radia t ing- inhomogenei t ies" concept , we represent t h e ob­
served e lec t romagnet ic fields E, H as being t he sum of a p r i m a r y field, EP,HP, and 
a secondary field, Es, Hs : 
E = EP + E% 
H = HP + H% (18) 
where t h e p r i m a r y field is defined as being t h a t field which is genera ted by a spe­
cific source in t h e e a r t h wi th t he no rma l d is t r ibut ion of t h e electrical conduc t iv i ty 
an(r) (say, in a homogeneous half-space) and t he secondary field is due t o t h e anoma­
lous conduc t iv i ty d is t r ibut ion . In o ther words we can t r ea t t h e secondary field as 
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t h e field genera ted by t he extr insic (anomalous) cur rents concen t ra ted in localized 
inhomogeneous domains . 
T h e fact t h a t t h e integral formula (12) contains t h e adjoint Green ' s funct ion for 
t h e diffusion equa t ion means t h a t , as in t he wave case, a field de t e rmined in t h e 
space by these integrals represents an assembly of e lec t romagnet ic "waves" moving 
towards t h e observat ion surface. However, in view of t h e specifics of t h e diffusion 
equa t ion , th is field does not feature such simple and effective geometr ica l proper t ies 
as t h e Clae rbou t upgoing wave, which ensures a direct recons t ruc t ion of reflection 
boundar ie s by t h e locat ion of backpropageted wavefront at t he ins tan t t' = 0. We 
will see never theless t h a t t h e migra t ion e lec t romagnet ic field also can be used for 
de tec t ing local inhomogenei t ies in a conduct ing m e d i u m , and for d e t e r m i n a t i o n of 
geoelectr ical boundar ies . 
To simplify our discussion we assume t h a t t h e secondary field is genera ted by 
t h e del ta-pulse cur ren ts switching on at zero t ime . This field p ropaga tes in different 
di rect ions , and is observed on t he surface of t h e ea r th . T h e idea of e lec t romagne t ic 
migra t ion consists of reverse downward ex t rapola t ion of t h e observed field in reverse 
t i m e . W h e n t h e t i m e reaches zero, t h e ex t rapo la ted field is at t h e locat ion of t h e 
sca t te rer . T h u s , in t h e case of t he secondary field th is downward ex t r apo la t ion in 
reverse t i m e will result in t h e focusing of t he mig ra t ed field at zero t i m e at t h e 
locat ion of t h e source. 
Note t h a t in real i ty t h e behavior of t he sources of t h e secondary field is more 
compl ica ted t h a n t h e de l ta pulse. Since t he propaga t ion is dispersive, these sources 
"swi tch on" ins tantaneously , and t he field builds up to t h e m a x i m u m wi th some delay, 
re la ted t o t h e t i m e of propagat ing t he p r imary field from t h e ea r t h ' s surface t o t h e 
geoelectr ical inhomogenet ies . T h a t is why we have two opt ions: 1) to recons t ruc t t h e 
migra t ion field in t h e lower halfspace not at zero t ime , b u t at a r e t a rded t i m e , or 2) 
to use for t h e downward ex t rapola t ion not t h e ac tua l background conduct iv i ty , b u t 
ins tead some effective migration conductivity o~m p ropor t iona l in t h e general case t o 
t h e n o r m a l conduct iv i ty am = jcrn, where 7 is called t he migration constant. De­
ta i led analysis of geoelectrical models shows t h a t in t h e second case we can select t h e 
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migra t ion conduct iv i ty am in such a way t h a t t he e x t r e m u m of t h e migra t ion field at 
zero t i m e coincides wi th t he geoelectrical boundar ies . Using t h e migra t ion conduct iv­
i ty ins tead of t h e background conduct iv i ty allows us to keep t h e t r ad i t iona l imaging 
condi t ions , n a m e l y to const ruct t he image as a function of t he migra t ion secondary 
field at zero t i m e m o m e n t . It is shown in t he Append ix A t h a t such an imaging 
condi t ion is correct for t he ea r th wi th slow horizontal variat ions of conduct iv i ty and 
p lane wave exci ta t ion . In t he Append ix B t he migra t ion apparen t resis t ivi ty concept 
is discussed. T h e migra t ion procedure is used to focus t he field at t h e anomalous 
s t ruc tu re , t h e n t h e analy t ic formula for t he two-layered mode l and t h e quasi-plane 
wave ex i ta t ion is used for an a rb i t ra ry ea r th model and an a rb i t r a ry source t o image 
t h e conduct iv i ty s t ruc tu re . 
Approx ima t ion of t he source field by t he p lane wave is valid for two cases. T h e first 
case is t h e far-field of t h e fixed t r a n s m i t t e r (Zhdanov and Keller, 1994). T h e source 's 
far field consists of t he pa r t p ropagat ing th rough t he air and t h e pa r t p ropaga t ing 
th rough a conduct ive ea r th . T h e air field can be app rox ima ted by t h e p lane wave 
because it arrives at every point s imultaneously, and t h e pa r t p ropaga t ing th rough 
t h e g round can be neglected because it a t t enua t e s in t he conduct ive e a r t h (see F igure 
l a . ) 
T h e second case is a s l ingram m o d e survey design. For t he s l ingram m o d e we can 
use an analogy wi th seismic migra t ion . As it is shown by Claerbout (1972), suming 
u p records from m a n y receivers (homogeneusly d i s t r ibu ted along t h e profile) one can 
ob ta in a single record corresponding to a p lane wave incident field. T h e p r i m a r y field 
p ropaga t ion for th is case is shown in Figure l b . 
To i l lus t ra te t h e focusing proper t ies of t h e migra t ion , we m i g r a t e t h e field gener­
a ted by an infinitely long conduct ive cable. T h e electrical field exci ted on t h e surface 
by t h e bur ied electrical cable could be c o m p u t e d using t h e Green ' s function of t he 
diffusion equa t ion C, which is given by formula (7). T h e field of an electr ical cable 
on t h e surface is presented in Figure 2. T h e background resis t ivi ty is 100 ftm and 
t h e cable d e p t h is 100 m. 
T h e resul t of migra t ion is shown in Figure 3. It indicates t h a t t h e m i g r a t e d field 
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S o u r c e 
A i r ( i n s u l a t o r ) 
P r i m a r y f i e l d p r o p a g a t i o n O b s e r v a t i o n p r o f i l e 
a ) 
E a r t h ' s s u r f a c e 
C o n d u c t i v e e a r t h 
A i r ( i n s u l a t o r ) 
A n o m a l o u s b o d y 
S o u r c e s 
E a r t h ' s s u r f a c e 
C o n d u c t i v e e a r t h A n o m a l o u s b o d y 
F igure 1: Approx ima t ion of t he p r imary field p ropaga t ion by t h e p lane wave, a) 
P r i m a r y field p ropaga t ion in t he far zone, b) P r i m a r y field in s l ingram m o d e . 
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F igure 3: Migra ted field of t h e electrical cable response. Cross shows t h e locat ion of 
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has a m a x i m u m at t he point of t he cable location. This i l lus t ra tes how t h e m i g r a t e d 
field represents t h e locat ion of a subsurface ta rge t . T h e ac tua l field has a s ingular 
point at t h e source locat ion, whereas t he migra t ion field has a m a x i m u m at t h e source 
locat ion. In t h e real case where t he subsurface inhomogeneous s t ruc tu re is exci ted 
by t h e field source located on t he surface, t he migra t ion field still has a m a x i m u m at 
t h e point of an anomalous s t ruc tu re , which acts like a secondary source. 
F u r t h e r m o r e , we develop t he technique t o t ransform t h e E M migra t ion fields and 
the i r different componen t s into resist ivity images of t h e vert ical cross-section. 
It was shown in (Zhdanov and Booker, 1993; Zhdanov and Keller, 1994) t h a t in 
t h e frequency doma in for p lane wave secondary (upgoing) and p r i m a r y (downgoing) 
fields everywhere inside t he conduct ing layer are character ized by different amp l i t udes 
and phases . On t h e geoelectric boundar ies thei r phases coincide (or shifted by 7r), 
while t h e a m p l i t u d e of t he upgoing wave is p ropor t iona l t o t h e a m p l i t u d e of t h e 
downgoing wave and t he propor t iona l i ty factor is equal to t he reflectivity coefficient 
j3. W h e n passing in to the t i m e domain t he above regulari t ies manifest themselves in 
t h e fact t h a t t h e t i m e pulses of t he upgoing and downgoing waves differ everywhere 
inside t h e conduct ing layer and mu tua l l y propor t ional t o t h e coefficient (3 only at t h e 
geoelectr ic b o u n d a r y (see Append ix A) . 
We can in t roduce a t i m e domain apparen t reflectivity function, (3ta(r,t), defined 
as t h e ra t io of t h e secondary E*(r,t) and p r imary Ep(r,t) fields, as t h e following: 
t3ta(r,t) = Esy(r,t)/E*(r,t). (19) 
T h e de t e rmina t i on of this function, obviously, depends u p o n t h e p rocedure for 
downward ex t rapo la t ing upgoing and downgoing fields in t h e lower half space. How­
ever, it can be generalized to t he results of t ime-domain e lec t romagnet ic migra t ion . 
In A p p e n d i x A we show t h a t t he migra t ion apparen t reflectivity function at zero 
t i m e , fi™(r), can b e de te rmined also from t h e values of t h e mig ra t ed secondary field, 
ca lcula ted at zero t i m e and normal ized by some function D(f), 
    t         
           i
t             
          
              
 t         
,         fi  
 t t        r ti .
            
  i         (
lds    ti      t a t
     i      t   
      i   l     t
    t lit      ti it  coeffi
(          if st  
            r e r
i i   ti  l   t ll  ti l   i ient (  l   t  
l tri  r  (  i  ). 
     t ti it  , f t (i', t), fi
      ; i', t)   ~ i', t) fields,  f llo i : 
 t    ,      
r  t         lf -
         i  ti  i
 i       t ti it    
 13;: i' ,           fiel ,
     l    ti  D(i'),
18 
« * ( ? ) = Er(P,0)/D(f), (20) 
where D(f) is t h e convolution of t he migra ted p r imary field at t h e s ame d e p t h and 
t h e analy t ica l function <p(z,P) 
f+oo 
D(f) = D(x, z) = / H?*(x, z, t)tf (z, t) dt, 
Jo 
where 
(p(z,t) = a— exp 
T 






T h e function fi™ is equal to t he ac tua l reflectivity coefficient j3 exact ly at t h e posi t ion 
of t h e b o u n d a r y : 
= fi. (24) 
This resul t is based on t he fact t h a t t he migra ted secondary (upgoing) field has a 
local e x t r e m u m exact ly at t he geoelectric boundar ies . This e x t r e m u m is p ropor t iona l 
to t h e reflectivity of t he bounda ry and to t h e m a g n i t u d e of t h e downgoing (p r imary ) 
field at t h e same poin t . 
T h e reflectivity coefficient is connected wi th t he conduct iv i ty cont ras t ACT at t h e 
geoelectr ical b o u n d a r y by t he simple formula ( see Append ix A) : 
- y/(Jn + ACT 
r
o\l\- yj(jn + ACT 
F rom t h e last formula we can de te rmine t h e resist ivi ty below t h e geoelectr ical bound­
ary (wi th in t h e anomalous domain or layer): 
P = i-fi (25) 
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where pn is t h e background (normal ) resist ivity. T h e last expression gives t h e exact 
value of t h e resis t ivi ty of t h e second layer in a two-layered mode l (see A p p e n d i x A) . 
However, we can use this expression for an a rb i t ra ry mode l to define the migration 
apparent resistivity. 
So, t h e migra t ion apparen t res i s t iv i ty pm can be calculated using t h e formula (40) 
at any point of t h e profile. Since t h e m i g r a t i o n apparen t resist ivi ty pm is a function 
of d e p t h , we ob ta in immed ia t e ly t he geoelectr ical cross section. 
T h e m i g r a t e d secondary field in express ion (48) (Append ix A) is ca lcula ted at 
zero t i m e , which corresponds to t h e secondary field in t he vicini ty of t h e source. 
We can compare this s i tua t ion wi th t h e t i m e domain field, where t he d e p t h of t h e 
field pene t r a t i on inside t h e ea r th is p ropo r t i ona l to t he square root of t h e t i m e after 
t h e cur ren t pulse in t h e t r a n s m i t t e r : for early t imes t he field is concen t ra t ed in t h e 
near surface layers; for la ter t imes t h e field pene t r a t e s deeper in t h e ea r th . In t h e 
case of t h e mig ra t ed field at ear ly t i m e s this field is in t h e vicini ty of i ts sources 
- t h e geoelectr ical boundar ies . At l a t e r t imes this field p ropaga tes upward to t h e 
ea r t h ' s surface. So at early t i m e t h e m i g r a t e d field behavior is de t e rmined only by 
t h e proper t ies of t h e m e d i u m near t h e bounda ry be tween two layers. Therefore it 
is plausible t h a t eq. (19) could be u s e d for de te rmin ing t h e conduct iv i ty cont ras t 
be tween these layers. 
In t h e case of a mul t i layered cross section we can s ta r t from t h e first layer and 
de t e rmine t h e resis t ivi ty of t h e second layer, t hen find t he conduct iv i ty cont ras t 
be tween t h e second and th i rd layer and d e t e r m i n e t he resist ivi ty of t h e t h i rd layer, e tc . 
Th is layer by layer process opens t h e w a y for direct imaging of complex geoelectr ical 
s t ruc tu res . In a mode l wi th a c o m p l e x mult i layered s t ruc tu re we can t ake as pn an 
appa ren t resis t ivi ty of t he e a r t h pa{t) ob ta ined by averaging along t he observat ion 
profile. T h e formula connect ing t h e t i m e t wi th dep th d for t h e appa ren t resis t ivi ty 
calcula t ion is provided by t h e following approx ima te expression for t h e sk in-dep th 
(Zhdanov and Keller , 1994): 
(26) 
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T h u s an inhomogeneous profile of t he ea r th ' s resist ivi ty can be a p p r o x i m a t e d by 
an homogeneous mode l which is used as t he background (normal) resis t ivi ty for t h e 
migra t ion . We call th is normal resist ivi ty profile t h e m e a n resist ivi ty mode l . 
Th is approach is similar to the one used in seismic prospec t ing where t h e real 
velocity d i s t r ibu t ion is replaced by t he m e a n velocity (Claerbout , 1985) Also, as 
in seismic prospect ing , we can use recursive migra t ion a lgor i thms which are based 
on successive downward ex t rapola t ion from level to level wi th different background 
resist ivi t ies . 
T h e a lgor i thm described above has been coded. Sample compu ta t i ons using this 
code are presen ted in t he next section. 
2 . 3 N u m e r i c a l r e a l i z a t i o n o f t h e m i g r a t i o n 
a l g o r i t h m 
For numer ica l real izat ion of t he E M migra t ion a lgor i thm, equat ions (15) and (17) 
m u s t b e reformula ted in a discrete sense. These equat ions are essentially convolut ions 
of t h e field observed on t he surface wi th t he Green 's function or a der ivat ive of t h e 
Green ' s function. Implement ing these convolutions one can expect cer ta in p rob lems 
connected wi th t h e Green ' s function behavior . These prob lems are re la ted to t h e 
fact t h a t depend ing on t he background conduct iv i ty value and migra t ion d e p t h , t h e 
Green ' s function and especially its t i m e derivat ive can vary m u c h faster t h a n t h e 
observed field. Besides, in pract ice e lec t romagnet ic d a t a are usual ly represen ted in 
logar i thmic t i m e , and t he observed field is app rox ima ted by t h e average value wi th in 
each specific interval or time gate. 
So, rewri t ing t i m e and spat ia l integrals in (15) over t h e whole in tegra t ion doma in 
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 -f (z ' — z)' dxdt. 
We can express t h e second t e r m as a t i m e derivative, assuming t h a t H®
 z(x,0,t) 
is a s tep-response , t o get 
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2
 + [z — z)' dxdt. 
Assuming t h a t H®z(x,0,t) is constant wi th in each t i m e ga te At(i) and each x-
interval Ax(k) we can t ake it out of t h e integral and after t h a t ca lcula te t h e integral 
over t of t h e t i m e derivat ive of t he Green 's function. As a result we ob ta in a discrete 
form of t h e cont inuous convolution integral (15) as 




where xk+i and xk are x-interval boundar ies 
(27) 
Ax(k) = x k + 1 - Xi, 
and ti+i and t{ are t i m e ga te boundar ies 
At(i) = U+i - U 
T h e function G™(x', xkl Xk+i, t k , t^+i , t', z' — z) is called the migration kernel 
G^(x\xk}xk+Utk,tk+Ut\z' - z) = — m X 
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x exp 4 ( t , + i - t ' ) 
(x' — xf + (z — z)' 
dx. (28) 
To ob ta in t h e formula for t he del ta-pulse exc i ta t ion it is enough to replace t h e 
kernel (28) in t h e formula (27) by its t i m e integral , (which could be ca lcula ted ana­
lyt ical ly) 
G 5 ( * ' , **, xk+1, t k , t k + 1 , t\ z'-z) = £ + 1 — _ - _ — X 
x ( e x p { - 4 ( C T - [ ^ - ^ ) 2 + ^ - ^ ) 2 ] } -
)<fe. (29) 
T h e migra t ion compu te r code is based on formulas (27) and (28). T h e code 
p r ecompu te s values of t he migra t ion kernel G™(xk, xk+i,tk, tk+i,t', z') for all sampl ing 
intervals Ax(k) and At(i) at par t icu lar dep ths z'. These values are s tored as a 
m a t r i x G™(i, k) . Sampl ing over t i m e and space should be chosen according to survey 
p a r a m e t e r s . T h e n t h e migra t ion p rogram convolves mat r ices G™(i, k) w i th t h e m a t r i x 
of magne t i c field values H® (i,k), t hus obta in ing a mig ra t ed field at t h e d e p t h z'. 
Repea t ing th is p rocedure over all values z' one obta ins a mig ra t ed field at each dep th . 
2 . 4 T e s t i n g o f t h e a l g o r i t h m 
To check t h e accuracy of t he migra t ion a lgor i thm we compared t h e secondary 
field in a two-layer ea r th model exci ted by a p lane wave, mig ra t ed analyt ica l ly and 
numerical ly . T h e analyt ical solution for t he migra t ion p rob lem for a p lane wave in a 
layer covering a homogeneous half-space is in Append ix A. 
T h e Ey componen t of t he secondary electric field for t he mode l w i th one layer of 
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JXk (ii+l- t')2exp -4(ii+l- tl ) X -X + z -z -
1 {/-lOam [( I )2 (' )2]} 
- (ti_tl)2exp -4(ti- t' ) X -X + z -z dx. 
   l         
   l         t  -
 
X (exp {- (/-lOam ') [(x' _ X)2 + (z' _ Z)2]}_ 
4 ti+l t 
- exp { - 4 ~~~mil) [(x' - X)2 + (Z' - Z)2]} dx
  t r       
t       ;;o Xk' Xk+l tk, +l, t', Zl)  s
 6.x( k)  6.t( i)  l r  Z'.     
 ;;o i, l           
       ;;o i,    
 ti    ~z(i  k),         Z'. 
, 
      Zl        
    algorithm
          
ld    l      
  l         
     i   
  t             
23 
th ickness h and conduct iv i ty a\ covering an infinite half-space wi th conduc t iv i ty <J 2 , 
exci ted by a p lane wave wi th ampl i t ude Q is expressed on t he E a r t h ' s surface at any 
t i m e m o m e n t t using t he following formulas: 
E;(z = 0,t) = Q/3a^exp(-2T2(yf), (30) 
where variables a and r are given by t he expressions 
27/2^5/2 
a 
T = 27Tyj2t/({10-1), 
and (3 is t h e reflectivity coefficient, which is given by t h e formula 
T h e mig ra t ed electrical field amp l i t ude at any dep th and at zero t i m e m o m e n t 






- ^ + ^ '
 ( 3 1 ) 
T h e p a r a m e t e r s for t h e tes t are <Ti = 0.01 5 / m , o-2 =0 .02 S/m, and am = 0.01333 
S/m. T h e first layer thickness is 100 m, and $ = 0 . 0 5 V/m. 
T h e secondary field, given by formula (30) and t he migra t ion kernel , b o t h at z = 0 
are p resen ted in F igure 4. Here t he constant t i m e discret izat ion (A£ = Ifis) was 
used. We can see t h a t t he migra t ion kernel changes wi th t i m e m u c h faster t h a n t h e 
secondary field. Th is is t he reason why we cannot direct ly discret ize formula (15) for 
i ts numer ica l real izat ion, applying ins tead t he formula (27). Formula (27) uses t he 
discrete migra t ion kernel (27), which is an average value of t h e Green ' s function over 
each pa r t i cu la r t i m e gate . 
T h e compar i son of t h e analyt ical formula (31) wi th t he mig ra t ed field c o m p u t e d 
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F igure 4: Secondary field for t he model wi th one horizontal layer (solid line) and 
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F igure 5: Ana ly t i c solution (solid line) and numerical ly mig ra t ed field. A p e r t u r e is 
1000 m (dashed line) and 500 m (dots) . 
numer ica l ly for different aper tures (see Figure 5) shows t h a t t he error in t h e algo­
r i t h m is small and significantly decreases wi th increasing in tegra t ion l imi ts . For t h e 
numer ica l real izat ion t h e t i m e gates were chosen wi th 12 poin ts per decade . Spat ia l 
sampl ing interval was equal to 40 m. T h e s tudy has shown t h a t t h e a lgor i thm is 
sensit ive t o t h e spat ia l l imits (aper ture) of in tegra t ion. To p roduce a rel iable p ic tu re 
t h e l imi ts of in tegra t ion m u s t be approx imate ly 10 t imes wider t h a n t h e d e p t h of t h e 
t a rge t . 
F igure 6 compares t h e migra t ion results ob ta ined for an a p e r t u r e of 2000 m and 
grid spacings of 40 and 100 m. We can see t h a t error decreases wi th decreasing 
spacing. 
An empir ica l conclusion from this s tudy is t h a t spat ia l sampl ing interval m u s t be 
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F igure 6: Ana ly t i c solution (solid line) and numerical ly mig ra t ed field. Gr id spacing 
is 40 m (dashed line) and 100 m (dots) . 
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3 . M O D E L S T U D Y 
3 . 1 M o d e l i n g s t r a t e g y a n d m e t h o d 
In this section t h e effectiveness of t he T D E M migra t ion m e t h o d is analyzed for dif­
ferent geoelectr ical models t h a t can be considered typical for geophysical explora t ion 
and env i ronmen ta l s tudies . 
T h e set of models under invest igat ion includes: 1) models wi th local conduct ive 
bodies; and 2) models wi th local resistive and conduct ive bodies . These models 
s imula te anomalous zones which are ta rge ts for geophysical surveys. 
T h e theore t ica l survey in these models was conducted in t h e t r a n s m i t t e r offset 
m o d e wi th fixed t r a n s m i t t e r - receiver separat ion. 
T i m e doma in e lec t romagnet ic d a t a are ob ta ined as a result of forward model­
ing using c o m p u t e r code developed by J . I . Adhidjaja , G .W. H o h m a n n , and M.L. 
Oris tagl io (1985). Th is code is based on t h e finite-difference m e t h o d which gives a 
forward t i m e doma in solution for a 2D body in a conduct ive ea r th . Th i s code is a 
reformula t ion of t h e T E M model ing m e t h o d of Oristaglio and H o h m a n n (1984) in 
t e r m s of t h e secondary field. T h e E M field in t he models is genera ted by an infinitely 
long cable. T h e observed field is dHz/dt and t he t ransmi t te r - rece iver separa t ion (off­
set) is equal t o 20 m. T h e cross-sectional dimensions of all anomalous bodies in t h e 
models ( represent ing local inhomogenei t ies) are 20 x 20 m 2 . 
T h e resul ts of numer ica l model ing and T D E M migra t ion d e m o n s t r a t e t h e effec­
t iveness and s tabi l i ty for imaging different geophysical t a rge t s . We will d e m o n s t r a t e 
t h a t T D E M migra t ion is a fast and s table m e t h o d of geoelectrical imaging , satisfac­
tori ly resolves t h e local inhomogenei t ies and gives a good e s t i m a t e of t h e locat ion, 
d imension and resist ivi ty of t h e anomaly. T h e m e t h o d , however, requires a good 
ini t ial e s t ima t ion of t he background d is t r ibut ion of t he conduct ivi ty . It is also based 
on t h e availabil i ty of t he spat ial ly dense measu remen t s along t h e profile (2D) or over 
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a surface a rea (3D) . 
3 . 2 M o d e l w i t h o n e l o c a l c o n d u c t i v e b o d y 
T h e s teps of t h e migra t ion can be i l lus t ra ted using t he following mode l . One local 
conduct ive b o d y wi th resist ivi ty 10 Ohm — m is embedded in an homogeneous half-
space wi th resis t ivi ty 100 Ohm — m. T h e vert ical cross-section of t h e b o d y is 20 x 20 
m , while t h e d e p t h to t he body ' s top is 100 m (Figure 7). T h e numer ica l model l ing 
code s imula ted a survey in s l ingram m o d e wi th a fixed 20 m t r a n s m i t t e r / r e c e i v e r 
separa t ion , where t h e t r a n s m i t t e r and receiver were moving toge ther along t h e profile. 
It is a s sumed t h a t t he t r a n s m i t t e r is exci ted by a s tep pulse and t h e receiver measures 
t h e t i m e der ivat ive of t he magne t i c field. 
T h e model ing p rog ram produces a p r imary field which does not change along 
t h e profile (Figure 8). T h e t i m e derivative of t he secondary field, however, clearly 
indicates t h e spat ia l locat ion of t he anomaly (Figure 9). T h e migra t ion p rocedure 
per formed wi th a known background resist ivi ty using formula (27) produces t h e time 
derivative of the migrated magnetic field, which is shown in F igure 10. Apply ing t he 
t r ans fo rmat ion which is given by formula (16) one obta ins t h e migrated electrical field, 
which is shown in F igure 11. This field indicates t he d e p t h of t h e anomalous body, as 
follows from t h e ex t r ema l proper t ies of t he migra ted field. T h e e s t i m a t e d reflectivity 
function is shown in Figure 12. Using relat ionship (40), A p p e n d i x A, one finally 
arrives at t h e migration apparent resistivity cross-section (F igure 13), which could be 
viewed as a final result of t he migra t ion procedure . One can see t h a t t h e migra t ion 
appa ren t resis t ivi ty indicates t he posi t ion and t he resist ivi ty of t h e conduct ive body. 
3 . 3 T h e s e p a r a t i o n o f p r i m a r y a n d s e c o n d a r y 
field 
A n i m p o r t a n t p rob lem arising in t he pract ica l real izat ion of t h e migra t ion algo­
r i t h m is t h e separa t ion of t h e secondary (scat tered) field, i.e., t h e field associated 
wi th t a rge t s ( sca t te rers ) , from the p r imary field. E M receivers measu re t h e to t a l 
field, which could be represented as a sum of t h e p r imary field ( the field which is 
  .
 o el    cti  body
             l
    m - Tn is e be in an ho o e e s half-
   m - .       
      '      i l 
         trans tt /r
   itt         
    itt r        
      fiel . 
          l
         f ,  l
          r
      l    ti
rivative f  igrated gnetic field,      t
ti n        igrated ctrical field, 
    .          
       fi   refle ti
         fi ll
   igration arent sistivity s-section  ,    
   f l     .       
t           . 
  ti     secondar
ield 
 t t     l    -
        fi as
      fiel     t
        f     
29 




















1200 1400 1600 1800 
100 
  t     
8000 
10000 
200 400 600 800 1000 1200 Distance (m) 1400 1600 1800 
•mmm i 
3.0e-05 4.0e-05 6.0e-05 8.0e-05 1.2e-04 1.8e-04 3.3e-04 7.4e-04 3.0e-03 5.8e+00 
Amplitude 










200 400 600  1400 1600 1800 
 Ill  
3.0e-05 4.0e-05 6.0e-05 8.0e-05 1.2e-04 1.8e-04 3.3e-04 7.4e-04 3.0e-03 5.8e+00 
Alllplitude 
       l  i 7. 
30 
31 
















200 400 600 800 1000 1200 1400 1600 1800 
Distance (m) 
-2e+00 -3e-04 -1e-04 -1e-04 -Oe+OO Oe+OO 1e-04 1e-04 3e-04 2e+00 
AIllplitude 
r  i e i ti  f ar  i l  r t  el f i r  
32 
















200 400 600 800 lOOO 1200 1400 1600 1800 
Distance (m) 
-1 e-02 -1 e-03 -3e-04 -le-04 -Oe+OO Oe+OO le-04 3e-04 le-03 le-02 
Amplitude 
     t        
-3e-06 -7e-07 -2e-07 -le-07 -5e-08 -3e-08 -le-08 -7e-09 -4e-09 -9e-ll 
Amplitude 


















200 400 600 800 1000 1200 1400 1600 1800 
Distance (Ill) 
-3e-06 -7e-07 -2e-07 -le-07 -5e-08 -3e-08 -le-08 -7e-09 -4e-09 -ge-ll 
AIllplitude 
 :        
33 
_4e-01 -6e-02 -2e-02 -le-02 -6e-03 -3e-03 -2e-03 -8e-04 -3e-04 -Oe+00 -Oe+00 
Amplitude 





















200 400 600 800 1000 1200 1400 1600 1800 
Distance (m) 
-4e-01 -6e-02 -2e-02 -le-02 -6e-03 -3e-03 -2e-03 -8e-04 -3e-04 -Oe+OO -Oe+OO 
Amplitude 
 t it        
34 
200 400 600 800 1000 1200 1400 1600 1800 
Distance (m) 
17 20 25 30 37 45 Ohm-m 55 67 82 100 













200 400 600 800     
Distance (rn) 
17 20 25 30  55 67 82 100 
lun  
r  i rati  arent isti it  r t  el f i re 
36 
observed in t he absence of inhomogenei t ies) , and t he secondary field. In t h e case 
of s l ingram m o d e survey design and homogeneous med ia t he p r i m a r y and secondary 
field can b e separa ted easily. We can see in Figure 8 t h a t t h e p r i m a r y field does not 
change along t h e profile. F igure 9 shows t h a t t he secondary field varies in b o t h space 
and t ime . A plot of t h e secondary field values at 0.2 jisec versus X is shown in F igure 
14. We can see from the plot t h a t t h e area bounded by posi t ive por t ions of t h e curve 
and t h e X-axis is equal to t h a t bounded by t he negat ive curve segments and t h e X 
axis. In F igure 14 we can see t h a t t he curve has mir ror s y m m e t r y wi th respect to 
t h e point r ight above t he anomalous body ( X = 0 ) . We can u n d e r s t a n d t h e behavior 
of t he p r i m a r y and secondary fields by analyzing t he mode l p resen ted in F igure 15. 
For a cons tan t separa t ion be tween t r a n s m i t t e r and receiver, t h e p r i m a r y field does 
not change as t h e sys tem moves along t he profile, since t h e geomet r ic re la t ionship 
be tween t h e source, t h e receiver and t he horizontal layers do not change wi th respect 
t o t h e source-receiver pair posi t ion. 
However, t h e secondary field changes along t h e profile. Let us a s sume , for example , 
t h a t t h e separa t ion be tween t he t r a n s m i t t e r and receiver is small in compar i son wi th 
t h e t a rge t dep th . In th is case, considering secondary fields we can a s sume t h e offset 
is zero. Now, consider two points X i and X 2 , symmetr ica l ly located abou t t h e center 
of t h e body. T h e t r a n s m i t t e r (in th is case t he infinite cable) located at t h e point 
X\ p roduces an anomalous current in t h e body, wi th exact ly t h e same direct ion and 
a m p l i t u d e as if we place it a t t he symmet r ica l point X2. T h e schemat ic vector lines of 
magne t i c induc t ion vector B are shown as dashed lines in F igure 15. T h e receiver (a 
small hor izonta l loop in this case) measures t he induct ive current which is p ropor t iona l 
t o t he ver t ical componen t of magne t i c field. We can see t h a t vector lines at point 
X\ are or iented upward , whereas at t h e point X2 t hey are or iented downward . This 
m e a n s t h a t t h e Bz componen t s at t h e points X\ and X2 have opposi te signs. B u t , 
because t h e geomet ry is symmet r i c , t hey have exact ly t h e same ampl i t udes . Looking 
at F igure 15 we can conclude t h a t t h e spat ia l spec t rum of t h e anomalous m a g n e t i c 
field does not conta in an ha rmon ic wi th zero spat ial frequency. In cont ras t , t he 
spat ia l s p e c t r u m of t h e p r imary field contains only t h e zero frequency componen t . 
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T h u s , using spat ia l filtering, we can separa te p r imary and secondary fields. Th is 
filtering can be realized by calculat ing t he average value of t h e to t a l field dBgj^ along 
every t i m e interval 
dB'(t)
 =
 1 ^dBt(t,Xi) 
dt Nx2-! dt 
where represents t he p r imary field. T h e secondary field can be ob ta ined for 
every point X{ using t h e formula 
dt ~ dt dt • (Si> 
Formula (32) gives an exact solution for horizontal ly- layered m e d i a conta in ing 
local inhomogeneous bodies . In spi te of t he fact t h a t t h e real s i tua t ion is more 
complex , appl ica t ion of spat ia l filtering for p r i m a r y / s e c o n d a r y field separa t ion has 
p roduced a reasonable result for t h e field da ta . 
3 . 4 M i g r a t i o n o f n o i s y d a t a 
In order to examine t he effect of noise on t he resolut ion of t h e migra t ion m e t h o d , 
we have added 5% r a n d o m noise to t he secondary field dHz/dt c o m p u t e d on t he 
E a r t h ' s surface. F igure 16 shows t he same secondary field as in F igure 9, b u t wi th 
r a n d o m noise added . T h e amp l i t ude of t h e noise was d i s t r ibu ted wi th cons tan t prob­
abil i ty be tween - 5 % and + 5 % of secondary field m a x i m u m . 
F igure 17 represents t he apparen t resist ivi ty image p roduced after t h e migra t ion 
of th is noisy secondary field. T h e migra t ion resist ivity image p roduced for t h e same 
mode l w i thou t adding noise is shown in Figure 13. As we can see, compar ing t h e 
two p ic tu res , t h e migra t ion apparen t resist ivi ty calculated from t h e noisy d a t a is very 
close to t h a t ca lcula ted from the noiseless da ta . Similar results are ob ta ined from t h e 
migra t ion of noisy d a t a for o ther models , discussed in t h e following sect ions. 
Th is mode l i l lus t ra tes t he s tabi l i ty of t he migra t ion p rocedure for high-frequency 
r a n d o m noise. Th is t y p e of noise is typical for geophysical da t a . However, it does 
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not t r u ly represent geological noise, p roduced for example , by near-surface inhomo­
geneit ies . 
3 . 5 R e s o l u t i o n o f m i g r a t i o n m e t h o d 
In order t o invest igate t he capabi l i ty of migra t ion m e t h o d to resolve t a rge t s located 
close t o each other , we c o m p u t e a set of models wi th two conduct ive bodies , gradual ly 
changing t h e d is tance be tween t he bodies . 
T h e s t a r t ing mode l consists of two conduct ive bodies wi th resis t ivi ty 20 O h m - m 
and separa t ion 100 m , embedded in an homogeneous m e d i u m of resis t ivi ty 100 O h m -
m at a d e p t h of 100 m. Figure 18 shows t he geoelectrical cross section of th i s mode l . 
F igure 19 shows t h a t these two conduct ive bodies p roduce one single spot on t he 
migra t ion appa ren t resist ivi ty image. Thus , for this separa t ion , mig ra t ion does not 
allow us to dis t inguish t he two bodies separately. 
T h e next mode l is similar to the previous one wi th t h e difference t h a t t h e separa­
t ion be tween t h e two conduct ive bodies is now increased to 200 m (Figure 20). T h e 
migra t ion appa ren t resist ivi ty image on Figure 21 shows t h a t t he two bodies can now 
be dis t inguished. 
In t h e nex t mode l t h e separa t ion be tween t h e two conduct ive bodies is increased 
to 300 m , as F igure 22 shows. T h e migra t ion apparen t resis t ivi ty image on F igure 23 
d e m o n s t r a t e s t h a t for this separa t ion t he two bodies are very clearly d is t inguished 
and migra t ion gives a good es t imat ion of thei r location, resis t ivi ty and d imensions . 
T h e analysis of these models suggests t h a t for resolut ion of two conduct ive s t ruc­
tures t h e d is tance be tween t h e m should be at least two t imes grea ter t h a n thei r 
dep th . 
3 . 6 R e s o l u t i o n o f c o n d u c t i v e a n d r e s i s t i v e b o d i e s 
It is known t h a t a resistive body generally produces a m u c h smaller anoma ly t h a n 
a conduct ive one. In order to demons t r a t e t he capabi l i ty of migra t ion t o dis t inguish 
a resist ive body in t h e presence of a conduct ive body, we consider a mode l consist ing 
of one conduct ive (20 O h m - m ) and one resistive (1000 O h m - m ) b o d y e m b e d d e d in a 
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F igure 23: Migra t ion image for conduct ive bodies wi th 300 m separa t ion . 
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homogeneous m e d i u m of resist ivity 100 O h m - m at t h e d e p t h of 100 m . T h e separa t ion 
be tween t h e two bodies is 300 m ( the resolut ion dis tance for two bodies as shown by 
t h e previous set of models ) . T h e geoelectrical cross section of t h e mode l is shown 
in F igure 24. T h e migra t ion apparen t resist ivity image in F igure 25 gives a good 
e s t ima t ion of t h e bodies ' locat ion, dimensions and resistivity. Of course it is more 
difficult to see t h e resistive body on t he migra t ion image , because t h e conduct ive body 
is " i l l umina ted" m u c h more brightly. T h e model presented in F igure 26 is s imilar to 
t h e previous one, b u t now the resistive body is located at a d e p t h of 50m from the 
surface, whereas t h e conduct ive body is located at 110 m under t h e surface. T h e 
migra t ion appa ren t resist ivi ty image in Figure 27 gives again a good e s t ima t ion of 
t h e bodies ' locat ion, dimensions and resistivity. Thus , migra t ion can be used not only 
for de tec t ing a highly conduct ive s t ruc tu re bu t a resistive s t ruc tu r e as well. 
3 . 7 B a c k g r o u n d r e s i s t i v i t y i n f l u e n c e o n t h e 
E M m i g r a t i o n i m a g e 
One of t h e requ i rements of t he migra t ion m e t h o d is a knowledge of t h e background 
resist ivi t ies . Unt i l now, we have used for t he migra t ion of our models t h e t r u e back­
ground resistivity. However, in real cases it is not usual ly known well and can only 
be approx ima te ly e s t ima ted . In order to examine t he dependence of t h e migra t ion 
resul ts on t h e choice of background resistivity, we have applied t he migra t ion wi th a 
different background resistivity. T h e model used in this test is t h a t of one conduct ive 
and one resist ive body (Figure 24). T h e migra t ion apparen t resis t ivi ty image ob­
ta ined for th is mode l using t he " t r u e " resist ivi ty (100 O h m - m ) is shown in F igure 25. 
T h e migra t ion images for t he same model c o m p u t e d wi th t h e background of 80 and 
300 O h m - m are shown in Figure 28 and 29 respectively. In these cases, t h e posi t ion 
of t h e two bodies is shifted upwards or downwards . Th is effect is very similar to t h e 
one known in seismic migra t ion . This is why velocity analysis is an i m p o r t a n t pa r t 
of seismic d a t a processing before migra t ion . In E M migra t ion , it is also i m p o r t a n t t o 
correct ly de t e rmine t h e background resist ivi ty in order t o ob ta in best resul ts . One 
approach to th is p rob lem is discussed in the pape r by Traynin (1995). 
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Figure 27: Migra t ion image for model wi th conduct ive and resist ive bodies located 
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4 . E M M I G R A T I O N I N W A S T E S I T E 
C H A R A C T E R I Z A T I O N 
This section describes t he appl icat ion of T D E M migra t ion to t h e charac te r iza t ion 
of a US D O E waste site. A large volume of T D E M d a t a was ga the red over an 
exis t ing D O E bur ied waste facility, t he Cold Test P i t , where t h e locat ion of t a rge t s 
was specified. T ransmi t t i ng loops t h a t were comparab le in size t o t h e t a rge t s were 
used for t h e T D E M survey. Because of th is , I D in te rp re ta t ion fails to resolve separa te 
objec ts , b u t it does provide a reasonable es t imat ion of t he background resist ivity. T h e 
da t a , however, reflect t he la teral locat ion of t he t a rge t s , t hus indica t ing t h a t m o r e 
informat ion could be potent ia l ly ex t rac ted . Since t h e n a t u r e of mig ra t ion is essential ly 
mul t id imens iona l , it was hoped t h a t its appl icat ion could b e t t e r resolve t h e t a rge t s . 
Each profile was mig ra t ed separately. After t h a t a composed 3D image of t h e P i t was 
cons t ruc ted . Migra t ion not only resolved separa te objects laterally, b u t also provided 
reasonable vert ical resolut ion and es t imat ion of anomalous resistivity. 
4 . 1 I N E L W a s t e C o m p l e x C h a r a c t e r i z a t i o n P r o j e c t 
Nonin t rus ive m e t h o d s of character iz ing waste sites and was te forms a t U.S . De­
p a r t m e n t of Energy (DOE) opera t ional areas were invest igated t h rough a sub task of 
Technical Task P l a n ( T T P ) AL911201, "Nonin t rus ive Sensing of Env i ronmen ta l ly Sig­
nificant Objec t s and Sites" (Chem-Nuclear Geotech 1992a). T h e sub task (AL911201-
G2, "Three -Dimens iona l Site Charac te r iza t ion Using B r o a d b a n d E lec t romagne t i c s" ) 
was developed to invest igate various b roadband e lec t romagnet ic ( B B E M ) sys tems 
t h a t po ten t ia l ly could character ize D O E waste sites in a 3D sense and to d e m o n s t r a t e 
promis ing sys tems under ac tua l field condit ions. T h e B B E M m e t h o d s inves t iga ted 
were in t ended not only to locate conduct ive objects and zones b u t also t o locate 
accura te ly t h e la tera l and vert ical boundar ies of t he conduct ive zones, m e a s u r e t h e 
th ickness of any capping mate r ia l , and provide a qual i ta t ive e s t ima t e of t h e t y p e of 
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was te conta ined in a par t icu la r pi t . 
A full-scale field demons t ra t ion of t he P R O T E M 47 sys tem at an exis t ing D O E 
waste si te facility was proposed. T h e Bur ied Was te In tegra ted Demons t r a t i on ( B W I D ) 
suppor t ed this demons t r a t ion at th ree waste sites in t he Radioac t ive Was te Manage­
m e n t Complex ( R W M C ) at t he Idaho Nat iona l Engineer ing Labora to ry ( INEL) . 
4 . 2 S u r v e y d e s i g n a n d d a t a d e s c r i p t i o n 
T h e locat ions of objects in t he P i t were known a priori , which provided an oppor­
t u n i t y to check in te rp re ta t ion resul ts . T h e P i t contains conduct ive objects s imula t ing 
waste . T h e locat ion of t he objects is shown in F igure 30. Overal l , t h e P i t possesses 
two i m p o r t a n t features , namely conduct ive objects located near t h e 0s (South) profile 
and a conduct ive zone near t h e 35s profile. Objec ts (stacked conduct ive d r u m s ) were 
bur ied at dep ths from 3-5 m . 
B B E M survey t raverses were conducted over a grid consist ing of 5 m spaced 
t raverse lines crossing t he P i t . T h e grid was ex tended over a sufficiently large area 
t o cover t h e region of interest . T h e survey was conducted in t h e t r a n s m i t t e r offset 
or s l ingram m o d e as described in MacLean (1993) and as i l lus t ra ted in F igure 31 . 
In th is m o d e of opera t ion , t h e t r a n s m i t t e r and receiver coils are offset by a fixed 
d is tance . T h e receiver is placed outs ide of t he t r a n s m i t t e r loop and is sepa ra ted from 
t h e neares t side of t h e loop by a dis tance of 10 m . T h e reading point is t aken at t h e 
midpo in t of t h e two coils, because of t he reciprocal relat ion be tween t r a n s m i t t e r and 
receiver. 
Unl ike F D E M sys tems , t h e coil separa t ion is not cri t ical t o t h e d e p t h of investi­
ga t ion because t h e p r imary or inducing current is off dur ing t h e measur ing per iod. 
For t h e s ame reason, t h e T D E M sys tem is not sensitive to noise and signal var ia t ions 
caused by small changes in t h e sys tem geometry. 
T D E M readings were t aken over a b road range of t i m e delays on these lines at 2 
m intervals . T h e ini t ial set of readings was recorded over t h e earliest available series 
of 20 t i m e delay windows. This init ial d a t a set was reviewed in t h e field; addi t iona l 
d a t a sets at longer t i m e delays were recorded if a measurab le signal was observed. 
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D i s t a n c e ( m e t e r s ) 
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1 ) C o n d u c t i v e o b j e c t s 
2 ) E a r t h b e r m s 
3 ) N o n c o n d u c t i v e o b j e c t s 
F igure 30: Locat ion of anomalous objects in Cold Test P i t . 
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Figure 31: Sl ingram m o d e T D E M survey design at Cold Test P i t . 
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T h e B W I D Cold Was te P i t was covered by t he profiles located 5 m from each 
o ther . T h e grid for t h e Cold Test P i t survey is shown in Figure 30. Two samples of 
collected d a t a are represented in Figure 32 and Figure 33. We can see from these 
figures t h e clear anomaly wi th in t he pit borders . F igure 32 presents t h e to t a l field 
while F igure 33 presents t he secondary field, which was separa ted using t h e a lgor i thm 
descr ibed in subsect ion 3.3. 
T h e " smoke r ing" image , ob ta ined using t he p rog ram wr i t t en by E a t o n and 
H o h m a n n , (1989) is presented in Figure 34. T h e conduct ive zone is out l ined lat­
erally in F igure 34, bu t no vert ical resolution is achieved. T h e image s t a r t s below 4 
m d e p t h , because according to t he I D assumpt ion which is t he basis of " smoke r ing" 
concept , t he r e is no information in t he d a t a above 4 m . T h e uppe r pa r t of t h e image 
is d i s to r ted for t h e same reason. On t he pa r t of t he profile wi thou t t h e anomaly , 
at a d e p t h of 6 m the resist ivi ty is about 100 O h m - m . This value was t aken as t h e 
background resis t ivi ty for t he migra t ion procedure . 
I D inversion for these d a t a was also done by MacLean , (1993). No ver t ical reso­
lu t ion was achieved. 
Having a known background resistivity, in spi te of r a n d o m noise, these d a t a have 
sufficient qual i ty to be migra ted . 
4 . 3 A p p l i c a t i o n o f m i g r a t i o n f o r d a t a i n t e r p r e t a t i o n 
T h i r t e e n profiles were processed, n u m b e r e d from t h e N or th to t h e South (see 
F igure 30): 15n, 0s, 5s, 10s, 15s, 20s, 25s, 30s, 35s, 40s, 45s, 50s, 60s. An effective 
background resis t ivi ty of pn = 100 Ohm — m was used. As a result of processing t h e 
T D E M d a t a by t h e migra t ion m e t h o d a set of vert ical cross sections in t h e Cold Test 
P i t was ob ta ined . Cross sections of migra t ion apparen t resist ivi ty along t h e profiles 
0s and 35s (see F igure 30) are presented in Figure 35 and F igure 36. We can clearly 
see not only t h e la tera l ex tent of t h e anomalous t a rge t s , b u t also t he ver t ical ex ten t 
of t h e bodies , which is b e t t e r t h a n t he resul ts ob ta ined by I D in t e rp re t a t ion . T h e 
profile images have been in te rpola ted horizontal ly to ob ta in t h e 3D resis t ivi ty vo lume 
image of t h e P i t . As an example , t he m a p s of resist ivi ty at t h e d e p t h 3 and 5 m are 
            
               
   t      \V   t
ures           
     ,     al it
   
    m       
,     t    -
     l       
      1  t       i
t,   ti            i
          t  
       t     
     . 
1            -
 i
          
i t    
 li ti   i ti    interpretation
           
  O lO  effe ti
    m - as used. s a result of processin the 
             
      t  t    
O            
     t       l  
          1  . 
i     t       l
              III 
61 









0 10 20 30 
-990 -654 -76 118 
40 50 60 70 80 
Distance (Ill) 
..... i .' ~-T' .Cw ... w .• "" i tim",to.: .. ::.· 
166 220 287 370 482 672 995 
AIllplitude 
        
62 
-10 0 10 20 30 40 50 60 70 80 
Distance (m) 
-988.1 -234.8 10.0 15.9 24.8 37.3 Amplitude 54.5 86.0 148.0 290.2 974.7 
F igure 33: Cold Test P i t T D E M d a t a (profile 35s). 
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Figure 35: Migration apparent resistivity for Cold Test Pit (profile aS). 
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presen ted in F igure 37 and Figure 38. 
T h e heavy lines on these maps show the known b o u n d a r y of t h e p i t . Let us 
analyze , for example , t he migra t ion resist ivi ty m a p at t h e 5 m d e p t h (Figure 38). We 
observe on th is m a p several conduct iv i ty anomalies t h a t correlate very well wi th t h e 
p i t ' s sections filled wi th t he d r u m s and boxes. Note t h a t e longat ion of t h e conduct ive 
anomalous zone in t he no r the rn section of t he pit outs ide t he formal b o u n d a r y of t h e 
pi t (shown as a solid line) could be explained as an in terpola t ion effect, since the re is 
no profile in be tween profiles 15n and Os. 
A 3D image was ob ta ined from t h e set of 2D profiles using s imple l inear in te rpo­
lat ion. T h u s , t h e conduct ive s t ruc tu re from profile Os could be formally ex t r apo l a t ed 
outs ide t h e pi t by t h e in terpola t ion code. However, compar ing t h e m a p on F igure 38 
wi th t h e known overall P i t scheme (Figure 30) we can see t h a t in general t h e prin­
cipal boundar ies of t h e pit and its in ternal s t ruc tu re , t h a t is t h e two charac ter i s t ic 
conduct ive zones along t he profiles Os and 35s and t he slightly conduct ive zone along 
15s are reasonably well represented on this m a p . 
Also, 3D resis t ivi ty images were cons t ruc ted on t he basis of resis t ivi ty m a p s at 
t h e d e p t h 3, 5, 7 and 9 m (see Figure 39). One can see on this m a p t h a t conduct ive 
s t ruc tu res appea r near 3 m deep, and d isappear be tween 7 and 9 m deep. T h e 
m a x i m u m of t h e conduct ive s t ruc tures on t he resist ivi ty images lies at t h e d e p t h abou t 
5 m . These p ic tures provide a reasonable volume image of t h e bulk P i t conduct ivi ty . 
At th is poin t it will be appropr ia te to out l ine all t h e assumpt ions m a d e in th is 
appl ica t ion . T h e pr incipal a ssumpt ion is t h a t T D E M migra t ion theory was developed 
for t h e 2D case, yet it was applied to 3D da t a . We assumed a known background 
resist ivity, while t he re were no reliable d a t a available for shallow d e p t h range (0-4 
m ) , because t h e useful image produced by "smoke r ings" s ta r t s from t h e 4 m dep th . 
However, compar ison of t he results of t he t i m e domain e lec t romagnet ic migra t ion and 
resis t ivi ty imaging wi th t h e known object locations d e m o n s t r a t e t h a t th is m e t h o d 
could be used to de t e rmine t h e s t ruc tu re of anomalous resist ivi ty d i s t r ibu t ions in t h e 
cases where t he conduct iv i ty d is t r ibut ion is 3D. 
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F igure 37: Apparen t resist ivity m a p of Cold Test P i t a t t h e d e p t h 3 m . 
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5 . C O N C L U S I O N 
T h e m a i n goal of th is thesis research was to apply t he m e t h o d of T D E M migra t ion 
to syn the t i c and field da ta . Resul ts suggest t h a t T D E M migra t ion and resis t ivi ty 
imaging m a k e it possible t o locate anomalous geoelectric zones and e s t i m a t e the i r 
resist ivi t ies . T h e resist ivi ty images can be ob ta ined from t h e ver t ical componen t of 
magne t i c field Hz, which is t he component rout inely measured in prac t ice . 
T h e T D E M migra t ion is a s table and fast m e t h o d of geoelectrical imaging . It 
provides b e t t e r resolut ion of local objects t h a n conventional I D imaging . It does 
not requi re repe t i t ive costly forward model ing as do 2D inversion techniques . T h e 
appl ica t ion of migra t ion is l imi ted by t h e necessity for spat ial ly dense m e a s u r e m e n t s 
of E M responses along t he profile or over an area on t h e surface of t h e ea r t h . Errors 
of e s t ima t ing t h e background resist ivi ty affects t he accuracy of t h e migra t ion m e t h o d . 
T h e resul ts of tes t ing T D E M migra t ion at t h e Cold Test P i t wi th in t h e Radioac t ive 
Was te M a n a g e m e n t Complex at t he Idaho Nat ional Engineer ing Labora to ry demon­
s t r a t ed t h e m e t h o d ' s effectiveness for in te rp re ta t ion of d a t a acquired unde r real field 
condi t ions . 
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A P P E N D I X A 
A P P A R E N T R E F L E C T I V I T Y F U N C T I O N 
T h e ra t io of t h e p r imary and secondary fields is equal to t h e reflection coefficient 
at a geoelectr ical boundary . In the migra t ion concept t he ac tua l secondary field 
is replaced by t h e field in t he reverse t ime . However, it is still possible to find a 
reflectivity coefficient using a ra t io of mig ra t ed secondary field and p r i m a r y field, as 
we show here . 
Let us consider, for t he sake of simplici ty t he two-layered mode l wi th a slowly 
varying conduct iv i ty crn(x,z) wi th in each layer and a sharp conduct iv i ty cont ras t 
on t h e hor izonta l bounda ry S be tween two layers. Consider a 2D mode l of t he 
e lec t romagne t ic field (E-polar izat ion) . In a model wi th a slow hor izonta l var ia t ion 
of b o t h t h e conduct iv i ty and t he field we can represent t h e different componen t s of 
t h e e lec t romagne t ic field in t he frequency domain approx imate ly by t h e following 
formulas (Smi th and Booker, 1991; Zhdanov et al. , 1994) 
HZ(X,Z,UJ) = Qdz(x,z,u)eik»z + Quz{x, z,Lo)e~^z, 
Hx(x, z, J) = Qdx(x, z, uj)eiknZ + Ql(x, z, u)e~ik"z, (33) 
Ey(x,z,u) = Qd(x,z,u>)eiknZ + Q^(x,z,u)e~iknZ, 
where t h e coefficients Qx\y,z v a i T relat ively slowly wi th t h e d e p t h , kn (x, z, LJ) = 
yJiu)/ioan (x, z) is a wave n u m b e r and crn z) is a background conduct ivi ty . 
Here t h e t e r m s associated wi th t he downgoing exponent ia l function correspond 
to t h e p r i m a r y field and t h e t e rms associated wi th t he upgoing exponent ia l function 
correspond to t h e secondary field: 
HZ(X,Z,LJ) = Qdz(x,z,uj)eiknZ, H^{X,Z,OJ) = Quz(x,z,to)e~iknZ, 
Hdx{x,z,u>) = Qdx{x,z^)eik»z, Hux{x,z,u;) = Qux(x,z,u)e-ik»z, (34) 
E*(x,z,u;) = QdJx,z,u)eik»z, Eu(x,z^) = Q"(x,z,u>)e-ik"z, 
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We will ana lyze t he behavior of t h e horizontal componen t of t h e electr ic field at 
t h e quasi -hor izontal bounda ry {S : (x,d(x))} be tween two layers. On t h e first-layer 
side of t h e b o u n d a r y we have: 
Ey(x, d, UJ) = Qd(x, d, to)e^d + Qfa, d, uj)e~^d, 
E'y(x, d,u) = iknQd(x, d,u;yk"d - iknQuy(x, d,u)e~ik"d, 
while on t h e second-layer side we have: 
Ey(x:d,Lo) = Qy(x,d,uj)elkn+ld, 
E'{x,d,u) = ikn+1Qz(x,d,u)elkn+ld1 
(35) 
(36) 
where " p r i m e " denotes t he vert ical derivative of t h e electric field. 
On t h e b o u n d a r y S in t he case of E-polar izat ion bo th componen t s Ey and E'y are 
cont inuous . Therefore, t he corresponding r igh t -hand sides of (35) and (36) are equal . 
Solving this sys tem of equat ions , we find: 
<
^ = P(x,d)e2^dJ (37) 
Qy 
where 
yjan {x,d)-yfan+1 (x,d) 
(3 (x, d) = (38) 
^jo~n (x,d) + yj<rn+i (x, d) 
is t h e reflectivity coefficient. T h e frequency domain apparen t reflectivity function as 
t h e ra t io of t h e secondary and p r imary fields is: 
E^(x.z.u) Q™(x,z,uA , . 
E;(x,z,u) Qdy{x,z,u) 
According to (37) at t h e boundary : 
pua(x,d,w)=P{xtd). (40) 
So, a t t h e geoelectrical bounda ry t h e apparen t reflectivity function is equal t o t h e 
t r u e reflectivity coefficient. 
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Now let us find t he way to calculate t he apparen t reflectivity function from the 
mig ra t ed fields. According to t he definition (Zhdanov et al. , 1994a), t h e mig ra t ed 
secondary field is equal to : 
EF(z,z,u>) = Q«(x,z1u>)e-k°>*, (41) 
and t h e mig ra t ed p r i m a r y field is equal to : 
E?*(x,z,U) = Qiy(x,z,w)e-k"", (42) 
where km (x, z,u>) = \jiu[iQUm (x, z) is a migra t ion wave n u m b e r . 
We can in t roduce t h e frequency domain migra t ion apparen t reflectivity function 
as 
x E?'(x,z,w) Q*(x,z.w) 
Eyv(x,z,u) Qdy{x,z,uj) 
Calcula t ing t h e ra t io of t he apparen t reflectivity function and migra t ion appa ren t 
reflectivity function using (39) and (43) gives: 
T h u s we ob ta in : 
(3Z(x,z^) = P„a(x,z,u>)e2ik»z. (45) 
According to eq. (40) at t he bounda ry S : 
PZ(x,d,u) = f3wa(x,d,u)e2ik"d = p(x,d)e2ik»d. (46) 
This m e a n s t h a t t he migra ted secondary and p r imary fields are p ropor t iona l at 
t h e b o u n d a r y : 
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E™s(x, d,w) = 0 (x, d) E™p(x, d,to)e (47) 
E q u a t i o n (47) can be used for calculat ing t he t i m e domain migra t ion appa ren t reflec­
t iv i ty function at zero t i m e : 
ff?{z,z) = l%(z,z,t = 0) = E™(x,z,t = 0) (48) 
D(x, z) 
Here P^(x, z, t) is t h e t i m e domain migra t ion apparen t reflectivity funct ion ob ta ined 
from ft™a(x, d,cj) by inverse Fourier t ransform from t h e frequency doma in to t h e t i m e 
domain , and 
where 
and 
D(x, z) +oo E™*>(x,z,t)<p(z,t)dt, 




T h e funct ion ft™ (x,z) is equal to t he ac tua l reflectivity coefficient (3 exac t ly at t h e 
posi t ion of t h e bounda ry : 
= /»(*,<Q- (52) 
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A P P E N D I X B 
M I G R A T I O N A P P A R E N T R E S I S T I V I T Y 
As shown in Append ix A, t he apparen t reflectivity function is equal t o t h e re­
flectivity coefficient at a geoelectrical boundary . Subs t i tu t ing a p lane wave for t he 
p r i m a r y field and considering a two-layered model , one can have an expression con­
nec t ing t h e reflectivity function wi th t he amp l i t ude of t h e mig ra t ed field. Using this 
re la t ionship one can express t he anomalous resist ivi ty via t h e m i g r a t e d field ampl i ­
t u d e . Al though derived for t he p lane wave and two-layered model , th is expression 
can be used in t he general case, thus leading to a migra t ion appa ren t resist ivity. 
Let us consider t he model t h a t is based on t he a s sumpt ion t h a t t h e coefficient 
Qd z,u>) in equa t ion (36) does not depend on to and very slowly changes wi th z : 
Qdy(x,z,u>)nQ0(x). (53) 
These condi t ions for example take place in t h e case of cons tan t conduc t iv i ty of t h e 
first layer and if t h e p r imary field can be approx ima ted by t h e p lane wave wi th a 
6—pulse waveform on t he surface of t he ea r th . Under these condi t ions we can wr i te 
approx imate ly : 
Edy(x,z,uj) = QQ{x)eiknZ. (54) 
Therefore from (37) and (36) we have: 
E%{x,z,u) = Qo(x)(312(x,d)e2lk"de^z. (55) 
According to definition, t h e migra ted secondary field in t h e frequency doma in is equal 
to 
E™s(x, z, to) = Q0 (x) (3{x,d) e 2 ^ d e - k - z . (56) 
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If we apply t h e inverse Fourier t ransform from t h e frequency doma in t o t h e t ime-
domain , we find t h e mig ra t ed secondary field in t he t i m e domain : 
I r+oo 
E™s(x, z, t) = —Qo (x) p (x, d) / e2tKde-kmZe-iujtdw. (57) 
T h e last in tegral can be reduced to a t a b u l a t e d one, if t = 0. O m i t t i n g long calcula­
t ions , we wr i te : 
where 7 = o-m/crn is t he migra t ion cons tant . 
Let us find now t h e dep th of t he e x t r e m u m of t h e migra t ion field. Since 
t h e ver t ical derivat ive of t he migra ted field is equal to zero exact ly at t h e d e p t h of 
t h e b o u n d a r y z = d, if t he migra t ion constant 7 = 4 / 3 . T h e value of t h e migra t ion 
field in t h e e x t r e m u m is equal to 
B^(X,d,t = 0) = - ^ ^ . (60) 
F rom t h e last formula we can find (3 (x,d) 
P(x,d) = ~^°mf.E™{x,d,t = 0) , (61) 
V0Q0 (x) 
and calcula te t he resist ivi ty of t he second layer: 
Pn+l (x) 
i + (3(x,dyl (62) 
1 -0(x,d) 
Express ion (62) gives t he exact solution for de te rmin ing pn+1 (x) only for t h e s imple 
mode l unde r considerat ion. However, following a t r ad i t iona l approach to electro­
magne t i c sounding, we can in t roduce t he migra t ion appa ren t resist ivity, which is 
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de t e rmined by t he same formula: 
1 2 
(63) 
In t h e last expression (3™ (x, z) is given by eq. (48). 
Note in t h e conclusion t h a t expression (61) can be ob ta ined direct ly from equa t ions 
(48) and (49). 
    f r l .  
( ) [
1+,8:;' (x,Z) ] , 
Pm X,Z = l -{3::(x,z) p" .  
  r i f : (x, z) is given by eq. (48) . 
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